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CONTROLLING X-RAY MAGING BASED ON 
TARGET MOTION 

RELATED APPLICATIONS 

The present application claims priority to U.S. Provisional 
Patent Application No. 61/096,722 filed Sep. 12, 2008, and 
entitled, “Controlling Timing For X-Ray Imaging Based On 
Target Movement, which is hereby incorporated by refer 
ence in its entirety. 

TECHNICAL FIELD 

Embodiments of the present invention relate to the field of 
image guided treatment and, in particular, to a system for 
determining a timing of diagnostic X-ray images based on 
measurement data indicative of target motion. 

BACKGROUND 

RadioSurgery and radiotherapy systems are radiation treat 
ment systems that use external radiation beams to treat patho 
logical anatomies (e.g., tumors, lesions, vascular malforma 
tions, nerve disorders, etc.) by delivering a prescribed dose of 
radiation (e.g., X-rays) to the pathological anatomy while 
minimizing radiation exposure to Surrounding tissue and 
critical anatomical structures (e.g., the spinal cord). Both 
radioSurgery and radiotherapy are designed to necrotize the 
pathological anatomy while sparing healthy tissue and the 
critical structures. Radiotherapy is characterized by a low 
radiation dose per treatment, and many treatments (e.g., 30 to 
45 days of treatment). Radiosurgery is characterized by a 
relatively high radiation dose in one, or at most a few, treat 
mentS. 

In both radiotherapy and radioSurgery, the radiation dose is 
delivered to the site of the pathological anatomy from mul 
tiple angles. As the angle of each radiation beam is different, 
each beam can intersectatarget region occupied by the patho 
logical anatomy, while passing through different regions of 
healthy tissue on its way to and from the target region. As a 
result, the cumulative radiation dose in the target region is 
high and the average radiation dose to healthy tissue and 
critical structures is low. Radiotherapy and radioSurgery 
treatment systems can be classified as frame-based or image 
guided. 
One challenge facing the delivery of radiation to treat 

pathological anatomies, such as tumors or lesions, is identi 
fying the location of the target (i.e. tumor location within a 
patient). The most common technique currently used to iden 
tify and target a tumor location for treatment involves a diag 
nostic X-ray or fluoroscopy system to image the patients 
body to detect the position of the tumor. This technique 
assumes that the tumor does not move appreciably over the 
course of a treatment. 

Current methods track and account for tumor motion dur 
ing delivery of radiation treatment using multiple diagnostic 
X-rays over the course of treatment, as the skilled artisan will 
appreciate. In these current methods and systems a userspeci 
fies how many radiation treatment beams should be delivered 
between each diagnostic X-ray image. In such systems, deliv 
ery of beams can vary drastically in time duration. For 
example, imaging every 3 beams could result in one pair of 
images taken 10 seconds apart, interleaved by 3 short beams, 
followed by an image taken more than a minute later after 3 
long beams. However, the tumor may have moved between 
the two diagnostic X-ray images, thereby resulting in less than 
desired accuracy of delivery of treatment radiation beams to 
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2 
the target, and a larger than desired radiation dose delivered to 
healthy tissue Surrounding the target. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is illustrated by way of example, and 
not by way of limitation, in the figures of the accompanying 
drawings. 

FIG. 1 illustrates graphs showing example prostate move 
ment during a radiation treatment session. 

FIG. 2 illustrates a configuration of an image-guided radia 
tion treatment system, in accordance with one embodiment of 
the present invention. 

FIG.3 illustrates a configuration of an image-guided radia 
tion treatment system, in accordance with another embodi 
ment of the present invention. 

FIG. 4 illustrates a method of developing a radiation treat 
ment plan, in accordance with one embodiment of the present 
invention. 
FIGS.5A-5C illustrate timing diagrams showing a portion 

of an example treatment plan, in accordance with one 
embodiment of the present invention. 

FIG. 6 illustrates one embodiment for a method of control 
ling the timing for X-ray imaging. 

FIG. 7A illustrates another embodiment for a method of 
controlling the timing for X-ray imaging. 

FIG. 7B illustrates yet another embodiment for a method of 
controlling X-ray imaging. 

FIG. 8 illustrates one embodiment for a method of moni 
toring patient radiation exposure. 

FIG. 9 illustrates one embodiment of systems that may be 
used in image guided treatment in which features of the 
present invention may be implemented. 

DETAILED DESCRIPTION 

Described herein is a method and apparatus for providing 
image guidance for patient treatment. The following descrip 
tion sets forth numerous specific details such as examples of 
specific systems, components, methods, and so forth, in order 
to provide an understanding of several embodiments of the 
present invention. It will be apparent to one skilled in the art, 
however, that at least some embodiments of the present inven 
tion may be practiced without these specific details. In other 
instances, well-known components or methods are not 
described in detail or are presented in simple block diagram 
format in order to avoid unnecessarily obscuring the present 
invention. Thus, the specific details set forth are merely exem 
plary. Particular implementations may vary from these exem 
plary details and still be contemplated to be within the spirit 
and scope of the present invention. 
The term "X-ray image' as used herein may mean a visible 

X-ray image (e.g., displayed on a video screen) or a digital 
representation of an X-ray image (e.g., a file corresponding to 
the pixel output of an X-ray detector). Reference to an “X-ray 
image' may refer to a single image or a simultaneous or 
consecutive set of images (as in a stereoscopic imaging sys 
tem). Reference to an “X-ray image' may also refer to X-ray 
imaging modalities such as computed tomography (e.g., cone 
beam CT). The term radiation treatment, as used herein, is the 
delivery of a prescribed dose of radiation to a pathological 
anatomy (target) of a patient. Radiation treatment includes 
radiosurgery (delivery of a few relatively high dose radiation 
treatments) and radiotherapy (delivery of numerous low dose 
radiation treatments). 

In radiation treatment, often an entire dose of radiation that 
is to be delivered to a target is not delivered in a single 
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treatment session. To maximize the effect of radiation on 
cancer, and minimize the effect on healthy tissue, fraction 
ation may be used. Fractionation is a method of radiation 
treatment in which the total dose of radiation to be delivered 
to the target is divided into several smaller doses over a period 
of one or more days. Each individual dose is referred to as a 
fraction. 

Unless stated otherwise as apparent from the following 
discussion, it will be appreciated that terms such as “process 
ing.” “computing. 'generating.” “comparing” “determin 
ing,” “setting,” “adjusting or the like may refer to the actions 
and processes of a computer system, or similar electronic 
computing device, that manipulates and transforms data rep 
resented as physical (e.g., electronic) quantities within the 
computer system's registers and memories into other data 
similarly represented as physical within the computer system 
memories or registers or other Such information storage, 
transmission or display devices. Embodiments of the meth 
ods described herein may be implemented using computer 
Software. If written in a programming language conforming 
to a recognized Standard, sequences of instructions designed 
to implement the methods can be compiled for execution on a 
variety of hardware platforms and for interface to a variety of 
operating systems. In addition, embodiments of the present 
invention are not described with reference to any particular 
programming language. It will be appreciated that a variety of 
programming languages may be used to implement embodi 
ments of the present invention. 
One clinical area in which it is important to accurately track 

the position of a target is radiotherapy or radioSurgery of the 
prostate to treat prostate cancer. An average patient will expe 
rience minimal prostate movement during a radiation treat 
ment session. However, significant prostate motion happens 
frequently in some patients. Additionally, nearly all patients, 
in conventional fractionation, experience significant prostate 
motion in at least Some of their fractions. Moderate to signifi 
cant prostate motion is experienced in about 15% of fractions 
over the patient population. 

FIG. 1 illustrates graphs 100 showing example prostate 
movement during a radiation treatment session. The graphs 
100 include four separate plots that have time along the hori 
Zontal axis and prostate position (based on a fiducial center of 
mass) along the Vertical axis. Each plot shows prostate motion 
in three different directions (superior-inferior, SI; left-right, 
LR; and anterior-posterior, AP), and a total combined prostate 
motion (Length). 
The upper left plot shows a fraction with minimal prostate 

motion, which is typical in a majority of fractions (approxi 
mately 85%). For these fractions, a diagnostic X-ray imaging 
frequency of approximately every 1-2 minutes may be suffi 
cient to provide Sub-millimeter tracking of the prostate. 
The upper right, lower right and lower left plots show 

typical prostate motion for approximately 15% of fractions. 
The upper right plot shows a continuous drift of the prostate, 
which may reflect muscles relaxing and/or a bladder filling 
during a single fraction. For a relatively slow, steady prostate 
motion (as illustrated in the upper right plot), an imaging 
frequency of approximately a diagnostic X-ray image every 
30-60 seconds may be sufficient to provide sub-millimeter 
tracking of the prostate. 

The lower right and lower left plots show irregular move 
ment and high-frequency excursions, respectively, that may 
be a result of for example, rectal gas. For Such rapid prostate 
motion, it may be necessary to acquire diagnostic X-ray 
images at a diagnostic imaging frequency of approximately 
every 15-30 seconds to track the prostate motion with sub 
millimeter tracking of the prostate. 
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4 
Because the prostate is Surrounded by radiosensitive struc 

tures (e.g., bladder and rectum) Susceptible to developing 
radiation toxicity, it is important to accurately track prostate 
motion throughout treatment to ensure that a radiation treat 
ment beam is not inadvertently being delivered to areas other 
than the prostate, and to ensure that adequate doses of radia 
tion are delivered to the prostate. As described above, the 
imaging frequency that is required to accurately track pros 
tate motion during treatment for different patients can vary 
dramatically. Moreover, a single patient may show minimal 
prostate movement during one treatment session, and signifi 
cant prostate movement during a Subsequent treatment ses 
Sion. A patient may also exhibit minimal prostate motion for 
Some of a treatment session, and exhibit significant prostate 
motion for the remainder of the treatment session. Therefore, 
it can be important to provide a mechanism both to set the 
imaging frequency before radiation treatment, and to adjust 
the imaging frequency during radiation treatment. The gen 
eral concept is to image as frequently as necessary to track the 
target accurately (e.g. within a tolerance of 1 mm), but not 
necessarily as frequently as is possible, because it is desirable 
to minimize ionizing radiation delivered from the diagnostic 
imaging. This can be especially important for treatments such 
as hypofractionated prostrate radioSurgery (radiation therapy 
that gives larger doses, e.g., up to 14 Gy per fraction, in a 
reduced number of treatment sessions) for at least two rea 
sons: high dose and reduced number of fractions. 
Note that radiation treatment of the prostate is described 

herein for purpose of example. Embodiments of the present 
invention may equally apply to a broad spectrum of patient 
anatomies (e.g., organs) within the body that can move. For 
example, embodiments of the present invention may be 
applied to treatment of the liver or pancreas, or any other 
internal target. 

FIGS. 2 and 3 illustrate configurations of image-guided 
radiation treatment systems 200 and 300, in accordance with 
embodiments of the present invention. In the illustrated 
embodiments, the radiation treatment systems 200 and 300 
include a linear accelerator (LINAC) 201 that acts as a radia 
tion treatment source. The LINAC 201 is mounted on the end 
of a robotic arm 202 having multiple (e.g., 5 or more) degrees 
of freedom in order to position the LINAC 201 to irradiate a 
pathological anatomy (e.g., target 220) with beams delivered 
from many angles, in many planes, in an operating Volume 
around a patient. Treatment may involve beam paths with a 
single isocenter, multiple isocenters, or with a non-isocentric 
approach. Alternatively, the LINAC 201 may be mounted on 
a gantry to provide isocentric beam paths. 
The LINAC 201 may be positioned at multiple different 

nodes (predefined positions at which the robot stops and 
radiation may be delivered) during treatment by moving the 
robotic arm 202. At the nodes, the LINAC 201 can deliver one 
or more radiation treatment beams to a target. The nodes may 
be arranged in an approximately spherical distribution about 
a patient. The particular number of nodes and the number of 
treatment beams applied at each node may vary as a function 
of the location and type of pathological anatomy to be treated. 
For example, the number of nodes may vary from 50 to 300, 
or more preferably 15 to 100 nodes and the number of beams 
may vary from 200 to 3200, or more preferably 50 to 300. 

Referring to FIG. 2, radiation treatment system 200, in 
accordance with one embodiment of the present invention, 
includes an imaging system 210 having a processor 230 con 
nected with X-ray sources 203A and 203B and fixed x-ray 
detectors (imagers) 204A and 204B. Alternatively, the X-ray 
sources 203A, 203B and/or X-ray detectors 204A, 204B may 
be mobile, in which case they may be repositioned to main 
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tain alignment with the target 220, or alternatively to image 
the target from different orientations or to acquire many X-ray 
images and reconstruct a three-dimensional (3D) cone-beam 
CT. In one embodiment the X-ray sources are not point 
Sources, but rather X-ray source arrays, as would be appreci 
ated by the skilled artisan. In one embodiment, LINAC 201 
serves as an imaging source (whether gantry or robot 
mounted), where the LINAC power level is reduced to accept 
able levels for imaging. 

Imaging system 210 may perform computed tomography 
(CT) Such as cone beam CT, and images generated by imag 
ing system 201 may be two-dimensional (2D) or three-di 
mensional (3D). The two X-ray sources 203A and 203B may 
be mounted in fixed positions on the ceiling of an operating 
room and may be aligned to project X-ray imaging beams 
from two different angular positions (e.g., separated by 90 
degrees) to intersect at a machine isocenter (which provides a 
reference point for positioning the patient on a treatment 
couch 206 during treatment) and to illuminate imaging planes 
of respective detectors 204A and 204B after passing through 
the patient. Imaging system 210, thus, provides stereoscopic 
imaging of the target 220 and the Surrounding Volume of 
interest (VOI). In other embodiments, imaging system 210 
may include more or less than two X-ray sources and more or 
less than two detectors, and any of the detectors may be 
movable rather than fixed. In yet other embodiments, the 
positions of the X-ray sources and the detectors may be inter 
changed. Detectors 204A and 204B may be fabricated from a 
Scintillating material that converts the X-rays to visible light 
(e.g., amorphous silicon), and an array of CMOS (comple 
mentary metal oxide silicon) or CCD (charge-coupled 
device) imaging cells that convert the light to a digital image 
that can be compared with a reference image during an image 
registration process that transforms a coordinate system of 
the digital image to a coordinate system of the reference 
image, as is well known to the skilled artisan. The reference 
image may be, for example, a digitally reconstructed radio 
graph (DRR), which is a virtual X-ray image that is generated 
from a 3D CT image based on simulating the X-ray image 
formation process by casting rays through the CT image. 

Imaging system 210 can generate diagnostic X-ray images 
at a pre-defined imaging frequency for updating a current 
location of the target. Each diagnostic X-ray image may be 
compared to the reference image (e.g., corresponding DRR) 
and/or to previous diagnostic X-ray images to determine 
present target location and a rate of target movement. Iftarget 
movement is higher than a predefined tolerance (e.g., 1 
mm/min.), the imaging System may increase the imaging 
frequency to update target location and more accurately direct 
radiation to the moving target. If target movement is lower 
than the predefined tolerance, the imaging system 210 may 
decrease the imaging frequency, as fewer images are neces 
sary to track target movement within the desired tolerances. It 
will be appreciated that upper and lower predefined toler 
ances may be selected, thereby defining a range of movement 
where the imaging frequency is satisfactory, and where the 
frequency is increased or decreased if movement is above or 
below (respectively) the upper and lower predefined toler 
ances. Changing the imaging frequency in response to target 
movement is discussed in greater detail below with reference 
to FIGS. 7A and 7B. 

Referring to FIG.3, in alternative embodiments an imaging 
system 310 includes a motion detection device 312 to deter 
mine target motion, the motion detecting device 312 having a 
detection field 340. If the motion detecting device 312 detects 
motion that exceeds a treatment tolerance, X-ray imaging 
device 313 may be directed to generate a new diagnostic X-ray 
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6 
image at a region within an imaging field 350. The motion 
detecting device 312 can be any sensor or other device 
capable of identifying target movement. The motion detect 
ing device 312, may be, for example an ultrasoundScanner, an 
optical sensor Such as a camera, a pressure sensor, an elec 
tromagnetic sensor, or some other sensor that can provide 
motion detection without delivering ionizing radiation to a 
user (e.g., a sensor other than an X-ray imaging system). In 
one embodiment, the motion detecting device 312 acquires 
measurement data indicative of target motion in real-time. 
Alternatively, the measurement data may be acquired at a 
frequency that is higher (potentially Substantially higher) 
than can be achieved or than is desirable with X-ray imaging 
(due to ionizing radiation delivered to the patient with each 
X-ray image). In one embodiment, the motion detecting 
device 312 does not provide a high absolute position accu 
racy. Instead, the motion detecting device 312 may provide 
Sufficient relative position accuracy to detect patient move 
ment and/or target movement. Such motion detection may 
trigger the acquisition of an image having high position accu 
racy (e.g., an X-ray image). 

In one embodiment, the motion detecting device 312 is an 
ultrasound Scanner. The ultrasound Scanner may include a 
one-dimensional (1D) array of transducer elements that pro 
duces two-dimensional (2D) ultrasound images, or that is 
mechanically rotated to produce a series of 2D images that are 
compounded into a 3D image, or a 2D array of transducer 
elements that produces 3D images. While patient 225 is lying 
on treatment couch 206, a transducer of the ultrasound scan 
ner may be held in place on the skin surface of patient 225 (or 
alternatively placed in the rectum, i.e., transrectal ultra 
sound). The location of the target 220 may be determined as 
a positional offset between the target 220 and the transducer 
of the ultrasoundScanner. In one embodiment, a transducer or 
transducers of the ultrasoundScanner can be tracked such that 
detected motion is in the treatment room coordinate system. 

In another embodiment, the motion detecting device 312 is 
an optical system, such as a camera. The optical system may 
track the position of light-emitting diodes (LEDs) situated on 
patient 225. Alternatively, the optical system may directly 
track a surface region of patient 225, as distinguished from 
tracking LEDs on the patient. There may be a correlation 
between movement of the target and movement of the LEDs 
and/or surface region of the patient 225. Based on the corre 
lation, when motion of the LEDs and/or surface region is 
detected, it can be determined that the target 220 has also 
moved sufficiently to require another diagnostic X-ray image 
to precisely determine the location of the target. 

In another embodiment, the motion detecting device 312 
includes a radio frequency identification (RFID) system hav 
ing an interrogator that tracks a location of a transponder 
located on or in patient 225 based on time of flight of a radio 
frequency (RF) signal. Alternatively, motion detecting device 
312 may be some other type of device that is capable of 
locating a target, Such as an electromagnetic coil array or a 
laser range finder. Other examples of motion detecting 
devices 312 include strain gauges, piezoelectric sensors, 
respirometers, etc. 

Before a patient undergoes radiation treatment, a radiation 
treatment plan is typically developed. A radiation treatment 
plan is a plan for the delivery of radiation treatment beams to 
the pathological anatomy of the patient from a number of 
treatment nodes, with one or more beams (having one or more 
shapes, angles or orientations) being applied from each node. 
A radiation treatment plan may also call for acquisition of a 
number and/or timing of intra-treatment diagnostic X-ray 
images, which are used to track the location of the target; 
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diagnostic X-ray images are one example of intra-treatment 
data collected to track the position of the target. For example, 
and without limitation, diagnostic X-ray images are registered 
(as known by the skilled artisan) with pre-treatment 3D image 
data (e.g., CT image, cone-beam CT image, or MR image). 
Moreover, a radiation treatment plan may include an imaging 
protocol that identifies, for example, an imaging modality to 
use (e.g., single X-ray projections, multiple X-ray projections, 
etc), an imaging algorithm or algorithms to use, whether to 
track fiducials or patient anatomy, etc. 
As noted, the diagnostic image data are used to track the 

location of the pathological anatomy during the course of 
delivering radiation thereto. The location of the pathological 
anatomy is well known immediately after diagnostic image 
data is obtained and analyzed. As time passes following 
acquisition and analysis of the diagnostic image data, the 
location of the pathological anatomy becomes less certain. 
The pathological anatomy may remain relatively stationary, it 
may move slightly or it may have dramatic movements. Such 
as the prostate example previously described. The move 
ments can be caused for any of a number of reasons including, 
without limitation, patient movement, natural shifting due to 
non-rigidness of the anatomy, or movement of an adjacent 
piece of anatomy (e.g., bladder filling, rectal gas etc.). In any 
event, less certainty in the location of the pathological 
anatomy results in less certainty that the radiation delivered 
based on the last diagnostic image data is being delivered as 
planned with the desired accuracy. The amount of time from 
diagnostic image data acquisition and analysis to the approxi 
mate time after completing the delivery of the latest treatment 
beam is defined as the image age. To better understand image 
age within the context of this description, one may consider 
an image age of Zero as that time where the system has the 
most up to date data on target location. As the image age 
increases, the target location data ages, and may become less 
reliable depending on how fast the target is moving or how 
much the target has moved during that time period. In one 
embodiment, a radiation treatment plan includes an image 
age threshold that specifies the maximum allowable image 
age (e.g., at the end of beam delivery) for a diagnostic X-ray 
image. 

FIG. 4 illustrates a method 400 of developing a radiation 
treatment plan, in accordance with one embodiment of the 
present invention. Method 400 may also adjust a preexisting 
radiation treatment plan during the treatment. For example, if 
a clinician selects an image age threshold (maximum allow 
able image age) before treatment begins or during treatment, 
method 400 may adjust a preexisting radiation treatment plan 
based on the image age threshold. In one embodiment, 
method 400 is performed by a radiation treatment system 
(e.g., radiation treatment system 200 or 300). Alternatively, 
method 400 may be performed by a treatment planning sys 
tem, or by other types of image guided treatment systems. 

At block 405, a treatment planning system (or treatment 
delivery system) determines multiple radiation treatment 
beams to be delivered to a target (e.g., a pathological anatomy 
of a patient). Each radiation treatment beam may be delivered 
from one of many possible nodes. Moreover, each radiation 
treatment beam may be delivered from a particular orienta 
tion at a selected node. For example, a radiation treatment 
beam may be delivered by a LINAC 201 that is oriented such 
that it is not aiming at the isocenter. 

At block 410, a selection of an image age threshold (maxi 
mum allowable image age) is received. Selection of the image 
age threshold may be received from a clinician, or calculated 
based on predicted target movement. The selected image age 
threshold may be based on an expected amount of target 
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8 
movement, based for example on a statistically significant 
historical sample of patients undergoing the same or similar 
procedure. For example, a prostate may move a clinically 
insignificant amount over a period of 10 seconds. Therefore, 
a maximum image age of 10 seconds may be selected to 
ensure that movement of the patient/target will not result in 
unwanted radiation beam delivery to healthy tissue surround 
ing the prostate. An X-ray imaging frequency and X-ray imag 
ing period may be calculated based on the image age thresh 
old. For example, if the image age threshold is 10 seconds, the 
calculated X-ray imaging period may be 10 seconds or less. 
The X-ray imaging frequency dictates the minimum fre 
quency at which diagnostic X-ray images will be taken. The 
X-ray imaging period dictates the maximum length of time 
between sequential diagnostic X-ray images, and is the recip 
rocal of the X-ray imaging frequency. In a further embodi 
ment, the image age threshold defines the X-ray imaging 
frequency and the X-ray imaging period. 

In one embodiment, the imaging system has an inherent 
maximum sustainable imaging frequency that cannot be 
exceeded. In a further embodiment, if a diagnostic X-ray 
image is to be taken at a frequency that is greater than the 
maximum Sustainable imaging frequency, then a delay is 
introduced so that the maximum Sustainable imaging fre 
quency requirement is satisfied. For example, if the maximum 
Sustainable imaging frequency indicates that the diagnostic 
X-ray images cannot be taken more frequently than every 5 
seconds, and a new diagnostic X-ray image is to be taken 2 
seconds after a previous X-ray, the new X-ray and treatment 
may be delayed such that it is taken 5 seconds after the 
previous X-ray. This may prevent damage to the imaging 
system. 
At block 412, the treatment planning system (or a treatment 

delivery system) schedules a diagnostic X-ray image to be 
generated. During treatment, the diagnostic X-ray image may 
be compared to a previously generated image. Such as a DRR 
or a previous diagnostic X-ray image, to determine a target 
location before delivering radiation treatment beams. At 
block 415, the treatment planning system (or the treatment 
delivery system) determines whether completion of the next 
radiation treatment beam exceeds the image age threshold, in 
which case the method proceeds to block 420. 
At block 420, the radiation treatment beam is divided into 

multiple radiation treatment beams. Each of the multiple 
radiation treatment beams can have an equivalent power 
level, node position and orientation as the original radiation 
treatment beam, but have a shorter duration such that each of 
the multiple treatment beams can be completed within an 
image age threshold. In one embodiment, the duration of each 
of the multiple radiation treatment beams is less than the 
image age threshold. Alternatively, durations of the multiple 
radiation treatment beams can be selected Such that on aver 
age the radiation treatment beams are approximately less than 
or equal to the image age threshold. In such an embodiment, 
a maximum radiation treatment beam duration may be set 
Such that no radiation treatment beam is longer than the image 
age threshold by, for example, 20% of the length of the image 
age threshold. Radiation treatment beams may then have 
durations of up to 120% of the image age threshold. Radiation 
treatment beams that would not be completed before 120% of 
the image age threshold would, therefore, be preceded by a 
diagnostic X-ray image to ensure a Sufficiently low image age, 
and, therefore, Sufficiently high confidence of target location 
prior to delivery of radiation. Accordingly, a diagnostic X-ray 
image will not become too old upon which to rely for target 
location information before delivery of radiation treatment 
beams. 
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At block 425, the system determines whether the amount of 
time that has elapsed since a last diagnostic X-ray image was 
taken will exceed the image age threshold before a next treat 
ment beam is completed, in which case then a diagnostic 
X-ray image may become too old to rely upon for determina 
tion of a location of the target before delivery of the next 
radiation treatment beam. If delivery of a treatment beam 
extends beyond the image age threshold, the target may move 
beyond a tolerated amount during delivery of the radiation 
treatment beam, and a portion of the radiation treatment beam 
may be unintentionally delivered to healthy tissue. If the 
image age threshold will be exceeded before the next treat 
ment beam is completed, the method proceeds to block 430. 
Otherwise, the method proceeds to block 435. At block 430, 
a diagnostic X-ray image is scheduled to be taken before 
beginning delivery of the next radiation treatment beam. The 
method then proceeds to block 435. In one embodiment, the 
duration of the radiation treatment beam includes time that 
elapses before the treatment beam is actually delivered due to 
preparation of the treatment beam. Such time is referred to 
herein as targeting correction overhead, and includes the time 
that it takes to position the LINAC into a predetermined 
position and/or orientation (e.g., due to LINAC reposition 
between nodes and/or within nodes). 

At block 435, the treatment planning system (or treatment 
delivery system) determines whether there are any additional 
radiation treatment beams included in the treatment plan. If 
there are additional radiation treatment beams, the method 
returns to block 415, and the next radiation treatment beam is 
compared to the image age threshold. Otherwise, the method 
ends, and the treatment plan may be completed. 

Treatment plans may be modified according to method 400 
without significantly increasing the duration of patient treat 
ment. Moreover, the final number of diagnostic X-ray images 
taken of a patient may not be significantly increased over 
other imaging methodologies (e.g., as compared to a meth 
odology in which a set number of treatment beams are deliv 
ered between each diagnostic X-ray image). Consequently, 
overall radiation exposure to a patient may not increase sig 
nificantly as a result of implementing method 400, but treat 
ment delivery accuracy is increased. Radiation exposure due 
to X-ray imaging is discussed in greater detail below with 
reference to FIG. 8. 
FIGS.5A-5C illustrate timing diagrams showing a portion 

of an example treatment plan, in accordance with one 
embodiment of the present invention. In FIG. 5A, the 
example treatment plan 500 has not been adjusted by method 
400. Treatment plan 500 calls for a diagnostic X-ray image 
502 that takes 3 seconds to acquire, followed by LINAC 
reposition 504 (e.g., motion of the robotic arm that aims a 
LINAC) that takes 1 second. After the LINAC reposition, a 
first treatment beam 506 is scheduled to be delivered for 12 
seconds, followed by LINAC reposition 508 for another 1 
second. A second treatment beam 510 is then to be delivered 
for six seconds. 

FIG. 5B illustrates an example treatment plan 520 corre 
sponding to example treatment plan 500 after it has been 
adjusted by method 400 based on an image age threshold of 
10 seconds, in accordance with one embodiment of the 
present invention. As shown, the first diagnostic X-ray image 
502 and LINAC reposition 504 are unchanged. However, the 
first treatment beam 506 had a duration that exceeded the 
image age threshold, and was split into treatment beam 1A 
526 and treatment beam 1B 534. Treatment beam 1A 526, 
having a duration of 6 seconds, is scheduled to be delivered 
after a first diagnostic X-ray image 502 is taken. If delivery of 
treatment beam 1 B 534 took place immediately after com 
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pleting delivery of treatment beam 1A526, then completing 
delivery of treatment beam 1B 534 would exceed the image 
age threshold. Therefore, a second diagnostic X-ray image 
530 is scheduled to be taken before delivery of treatment 
beam 1B534. A third diagnostic X-ray image 538 is scheduled 
to be taken before delivery of second treatment beam 510 is 
scheduled to be delivered. 

Before the second diagnostic X-ray image 530 and the third 
diagnostic X-ray image 538 are taken, additional LINAC 
repositions 528 and 536 are indicated to reposition the 
LINAC to aim at a treatment isocenter. Such LINAC reposi 
tions 528,536 are a precaution to ensure that the LINAC does 
not interfere with (e.g., block a portion of) the diagnostic 
X-ray image. In one embodiment, it may be known which 
LINAC positions will interfere with X-ray imaging, and 
motion of the robot may be planned in conjunction with the 
acquisition of new diagnostic X-ray images to reduce overall 
treatment time. The skilled artisan will appreciate that all time 
and time durations provided herein are by way of explanation 
and not limitation. Longer or shorter times or time durations 
may be used without exceeding the scope of the present 
teachings. 

FIG. 5C illustrates an example treatment plan 540 corre 
sponding to example treatment plan 500 after it has been 
adjusted by method 400 based on an image age threshold of 
10 seconds, in accordance with another embodiment of the 
present invention. In FIG. 5C, the first treatment beam 506 
has been separated into treatment beam 1A 546, having a 
duration of 10 seconds, and treatment beam 1B554, having a 
duration of 2 seconds. After treatment beam 1A 546 is deliv 
ered, a second diagnostic X-ray image 550 is taken. However, 
unlike the example shown in FIG. 5B, in FIG. 5C both treat 
ment beam 1B 554 and second treatment beam 510 can be 
delivered before 10 seconds have passed from the time of the 
second diagnostic X-ray550. As shown in FIG. 5C, the treat 
ment planning system may divide treatment beams in Such a 
way so as to minimize the number of diagnostic X-ray images 
needed, which can reduce overall X-ray exposure to a patient. 

FIG. 6 illustrates one embodiment for a method 600 of 
controlling the timing for X-ray imaging. In one embodiment, 
method 600 is performed by radiation treatment system 200 
of FIG. 2 or radiation treatment system 300 of FIG. 3. At 
block 605, a radiation treatment plan that includes predicted 
target movement, multiple radiation treatment beams, and an 
initial X-ray imaging frequency/period is received. The initial 
X-ray imaging frequency/period may be based on an image 
age threshold. In one embodiment, the X-ray imaging fre 
quency and X-ray imaging period reflect a target X-ray imag 
ing frequency and target X-ray imaging period based on the 
image age threshold. The actual timing of some diagnostic 
X-ray images may cause those diagnostic X-ray images to be 
taken Sooner than the X-ray imaging period or later than the 
X-ray imaging period. Therefore, the actual timing of diag 
nostic X-ray images may average to the initial X-ray imaging 
frequency/period. For examples of how a treatment beam 
may be divided, and when diagnostic X-ray images may be 
Scheduled refer back to FIGS. 5A-5C. 
Image guided radiation treatment may be initiated using 

the received treatment plan. At block 610, a diagnostic X-ray 
image of the target is acquired. The diagnostic X-ray image 
may be used to compute a location of the target So as to 
accurately deliver radiation treatment beams to the target, 
preferably while avoiding delivering radiation treatment 
beams to nearby sensitive structures. One or more radiation 
treatment beams may be delivered Subsequent to acquiring 
the X-ray image of the target. 
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If the age of the X-ray image will exceed an image age 
threshold, then an additional diagnostic X-ray image may be 
acquired prior to delivering any more radiation treatment 
beams. This can ensure that radiation treatment beams are 
precise and accurate. At block 615, an additional X-ray image 
is acquired of the target. At block 620, the imaging system 
compares the first diagnostic X-ray image to the additional 
diagnostic X-ray images to track target movement. Differ 
ences between the sequential images may be used to register 
a patient coordinate system with a treatment coordinate sys 
tem to ensure that the treatment beams are accurately posi 
tioned with respect to the pathological anatomy. Differences 
between the sequential images may be measured using meth 
ods known in the art such as feature recognition, pattern 
intensity matching, etc. 

At block 625, it is determined whether the target movement 
is within a treatment tolerance that is based on a predicted 
target movement. For example, a certain amount of target 
movement may be expected and accounted for by the treat 
ment plan. However, if the differences between sequential 
diagnostic X-ray images indicate an amount of target move 
ment that is different from the expected or planned amount of 
movement, it may be necessary to adjust the X-ray imaging 
frequency to better target the radiation beams. Accordingly, if 
target movement is not within the treatment tolerance (e.g., if 
the target movement indicated by the differences between the 
sequential diagnostic X-ray images is greater than the planned 
or expected target movement during the time interval), the 
method may proceed to block 630, and the X-ray imaging 
frequency may be increased (the image age threshold may 
also be decreased). For example, it may be expected that a 
patient’s prostate will move at a rate of 1 mm per minute, and 
the X-ray imaging frequency may be initially set such that the 
prostate will not move more than 1 mm between sequential 
diagnostic X-ray images. However, if the prostate is detected 
to have moved more than 1 mm between sequential diagnostic 
X-ray images, then the X-ray imaging frequency may be 
increased to ensure that the prostate does not move more than 
1 mm between Subsequent diagnostic X-ray images. If the 
time intervals between Subsequent diagnostic X-ray images 
have been decreased, then the total number of diagnostic 
X-ray images may be increased in response to greater than 
expected target movement. 

In one embodiment, if the target movement is approxi 
mately equal to the predicted target movement, then the 
method proceeds to block 660. If the target movement is less 
than the predicted target movement the method proceeds to 
block 635, then the X-ray imaging frequency may be 
decreased (the image age threshold may also be increased), 
after which the method proceeds to block 645. If the time 
intervals between Subsequent diagnostic X-ray images have 
been increased in response to less than expected target move 
ment, then the total number of X-ray images may be 
decreased. 
At block 645, it is determined whether any radiation treat 

ment beams having the same node and orientation can be 
combined and still complete delivery within the X-ray imag 
ing period (which may be based on the image age threshold). 
For example, a treatment plan may identify that a particular 
dose of radiation is to be delivered to the target from a speci 
fied position and orientation of the LINAC. Due to the initial 
X-ray imaging frequency/period, that dose of radiation may 
be delivered in multiple treatment beams, so that no treatment 
beam is being delivered to the patient after the image age 
threshold. Once the X-ray imaging frequency has been 
decreased. Some of these multiple treatment beams may be 
combined, and still satisfy the image age threshold. To pro 
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vide an illustration, if the image age threshold were adjusted 
to 12 seconds in the example described with reference to 
FIGS.5A-5C, then the treatment plans 520 and 540 could be 
revised to resemble treatment plan 500. If treatment beams 
can be combined the method proceeds to block 655, other 
wise the method proceeds to block 660. 
At block 640, it is determined whether any radiation treat 

ment beam will complete delivery outside of the X-ray imag 
ing period (extends beyond the image age threshold). If a 
radiation treatment beam will not complete delivery within 
the X-ray imaging period, the method proceeds to block 650. 
Otherwise the method proceeds to block 660. 
At block 650, any radiation treatment beam that will com 

plete delivery outside of the X-ray imaging period (extend 
beyond the image age threshold) is divided into multiple 
radiation treatment beams. For example, if a radiation treat 
ment beam has a duration that is greater than the X-ray imag 
ing period, it may be divided. 
At block 660, the imaging system computes a target loca 

tion based on the X-ray image or the additional X-ray image. 
At block 665, the treatment system directs radiation treatment 
beams using the target location. 
At block 670, it is determined whether the treatment has 

been completed. If the treatment is not yet complete, the 
method continues to block 675. If the treatment is complete, 
the method ends. 
At block 675, the treatment system determines whether the 

age of the diagnostic X-ray image will exceed the image age 
threshold before the time to completion. If the diagnostic 
X-ray image age will exceed the image age threshold before 
the time to completion, the method proceeds to block 615, and 
a new diagnostic X-ray image may be obtained. Otherwise the 
method proceeds to block 665, and another radiation treat 
ment beam is delivered to the patient. 

In one embodiment, rather than computing target move 
ment based on sequential X-ray images, in method 600 target 
movement may instead be inferred based on detected patient 
motion. Such patient motion may be detected by an optical 
scanner that collects image data, a laser range finder, an RFID 
system, etc. Alternatively, the motion detecting device may 
measure target motion directly, but may not have a resolution 
that is high enough to accurately identify the target location 
for purposes of delivering a radiation treatment beam. For 
example, the motion detecting device may be an ultrasonic 
imager that takes ultrasonic images of the target. In Such 
embodiments, at block 615 data other than an X-ray image 
that is indicative of target motion may be acquired instead of 
or in addition to, the X-ray image. In Such an embodiment, 
Block 620 may be skipped, and the data indicative of target 
motion may be used to determine an amount of target motion. 

FIG. 7A illustrates another embodiment for a method 700 
of controlling the timing for X-ray imaging. Method 700 may 
control the timing of a single diagnostic X-ray image or of 
multiple diagnostic X-ray images taken at different times. 
Where the timing of multiple diagnostic X-ray images is con 
trolled. Such control may include controlling an X-ray imag 
ing frequency (and an X-ray imaging period). In one embodi 
ment, method 700 is performed by radiation treatment system 
300 or radiation treatment system 200. 
At block 705, a diagnostic X-ray image is acquired of a 

target. At block 710, measurement data indicative of target 
movement (e.g., a diagnostic X-ray, ultrasound sensor read 
ings, camera readings, etc.) is acquired. The measurement 
data may be acquired by monitoring the patient with a motion 
detecting device 313 as described with reference to FIG. 3. 
Alternatively, the measurement data may be acquired by an 
imaging system that uses comparisons of sequential diagnos 
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tic X-ray images and/or a comparison of current diagnostic 
X-ray images with pretreatment images to determine whether 
larger than expected target movement has occurred. 

At block 715, target movement is analyzed, and compared 
to a movement threshold, which may be user selected or 
predetermined. The target movement may result from a Sud 
den patient movement, such as those due to muscle twitches, 
spasms (e.g., a cough, Sneeze, shudder, etc.), Voluntary 
patient movement (e.g., patient shifting body), or gradual 
movement (e.g., bladder filling or muscles relaxing). Such 
patient/target movement may cause enough movement in the 
target to make the radiation treatment beam to miss the target 
and hit Surrounding healthy tissues and critical structures. If 
target movement exceeds a movement threshold, then the 
method proceeds to block 720, and an additional diagnostic 
X-ray image of the target is acquired. Moreover, if an X-ray 
imaging frequency is used to control the timing of X-ray 
imaging, the X-ray imaging frequency may be modified to 
account for the increased target motion. If the target move 
ment is within the target threshold, the method proceeds to 
block 725, where the imaging system computes a target posi 
tion based on the diagnostic X-ray image and/or the additional 
diagnostic X-ray image. At block 730, a treatment system 
performs image guided treatment using the target position. 

FIG. 7B illustrates yet another embodiment for a method 
750 of controlling X-ray imaging. Method 750 may control 
the timing of a single diagnostic X-ray image or of multiple 
diagnostic X-ray images taken at different times. Where the 
timing of multiple diagnostic X-ray images is controlled. Such 
control may include controlling an X-ray imaging frequency 
(and an X-ray imaging period). In one embodiment, method 
750 is performed by radiation treatment system 300 or radia 
tion treatment system 200. 

At block 755, a diagnostic X-ray image is acquired of a 
target. The X-ray image can be one or more 2D projection 
X-ray images, a 3D CT image, etc. of the target. At block 760, 
a position of the target is computed based on the X-ray image. 
The computed position can be used to accurately determine 
where to place a radiation treatment beam. At block 765, 
radiation treatment is begun or resumed based on the com 
puted position of the target. 

At block 770, measurement data indicative of target move 
ment is acquired. While treatment is in progress, measure 
ment data indicative of target movement may be continually 
or periodically acquired. The measurement data may be 
acquired by an ultrasound sensor, an optical sensor Such as a 
camera, a pressure sensor, a laser range finder, an electromag 
netic sensor, or some other sensor that can provide motion 
detection without delivering ionizing radiation to a user (e.g., 
a sensor other than an X-ray imaging system). In one embodi 
ment, the measurement data is acquired in real-time by the 
sensor. Alternatively, the measurement data may be acquired 
at a frequency that is higher (potentially Substantially higher) 
than can be achieved or than is desirable with X-ray imaging 
(due to radiation dose delivered to the patient with each x-ray 
image). In one embodiment, the measurement data does not 
provide a high absolute position accuracy. Instead, the mea 
Surement data may provide Sufficient relative position accu 
racy to detect patient movement and/or target movement. 

At block 775, the measurement data is analyzed to deter 
mine or estimate a target motion. The measurement data may 
be a direct measurement of the target motion, or may be a 
measurement of movement of an external or internal land 
mark that is indicative of target motion. Examples of external 
landmarks include, for example, the chest or head of the 
patient. The target motion is compared to a specified motion 
threshold, which may be user selected or predetermined. If 
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the target motion exceeds the motion threshold (is outside the 
specified treatment tolerance), then the method proceeds to 
block 780. If the target motion does not exceed the motion 
threshold (is within the specified treatment tolerance), the 
method proceeds to block 785. 
At block 780, the radiation treatment may be paused, or a 

current radiation treatment beam that is being delivered to the 
patient may be completed, after which treatment is paused. 
The method then returns to block 755 to acquire a new X-ray 
image. 
At block 785, the system determines whether radiation 

treatment has completed. Radiation treatment is complete 
when all radiation treatment beams for a treatment session 
have been delivered to the patient. If the radiation treatment 
has not completed, the method proceeds to block 790, and the 
radiation treatment continues using the target position that 
was computed based on the last X-ray image. The method then 
continues to block 770 to continue acquiring measurement 
data indicative of target motion. If the radiation treatment has 
completed, the method ends. 

Each diagnostic X-ray image taken of a patient exposes the 
patient to an amount of radiation. The amount of radiation that 
a diagnostic X-ray image exposes the patient to depends on the 
power level of the X-ray source and on the duration of a 
diagnostic X-ray beam used to generate the diagnostic X-ray 
image. During image guided treatment, multiple diagnostic 
X-ray images are typically taken. Therefore, image guided 
treatment (which may include a single treatment session and/ 
or multiple treatment sessions) may expose the patient to 
increased levels of radiation. In one embodiment, the amount 
of radiation that is delivered and that will be delivered to a 
patient is monitored. If total radiation exposure for a treat 
ment will exceed a radiation exposure threshold, a treatment 
plan may be adjusted to reduce the total radiation delivered to 
the patient. 

FIG. 8 illustrates a method 800 of monitoring patient X-ray 
exposure, in accordance with one embodiment of the present 
invention. Method 800 may be performed whenever an X-ray 
imaging frequency or an image age threshold is modified for 
a radiation treatment plan. Alternatively, method 800 may be 
performed periodically or continuously to ensure that a 
patient is not exposed to excessive radiation. In one embodi 
ment, method 800 is performed by radiation treatment system 
300 or by radiation treatment system 200. 
At block 805, a current radiation treatment exposure of a 

patient is determined. The current radiation treatment expo 
sure can be determined based on the number of x-rays that the 
patient has received, and the power and duration of each of the 
X-rays (i.e., dose delivered to the patient via X-ray imaging). 
Each of these values may be recorded as diagnostic X-ray 
images are taken, and/or may be included in a radiation treat 
ment plan for the patient. At block 810, a number of expected 
future diagnostic X-ray images are identified, and may include 
all x-rays images that will be delivered to the patient during 
treatment. Treatment may occur over a period of days or 
weeks, or may occur in a single day. The number of future 
X-rays images may be determined by analyzing the number of 
images scheduled in a radiation treatment plan. Alternatively, 
the number of future images may be determined based on an 
X-ray imaging frequency. At block 815, an amount of radia 
tion to be delivered by future X-ray imaging is determined, 
which can be calculated based on the power leveland duration 
of the future X-ray images. At block 820, the total amount of 
radiation exposure for the patient is determined by adding the 
current radiation exposure and the predicted future radiation 
exposure. At block 825, the total predicted patient radiation 
exposure is compared to a radiation exposure threshold. If the 
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total predicted radiation exposure exceeds the radiation expo 
sure threshold, the method proceeds to block 830. Otherwise 
the method ends. 

At block 830, a radiation treatment plan for the patient is 
modified to reduce the amount of radiation to which the 
patient will be exposed. An example of a modification that can 
be made to reduce radiation exposure is reducing the imaging 
frequency to limit the number of X-rays that will be delivered 
to the patient. In one embodiment, a maximum imaging fre 
quency is set. If a clinician attempts to adjust an imaging 
frequency beyond the maximum imaging frequency, the cli 
nician may be warned that the patient may be exposed to 
unhealthy levels of radiation. Alternatively, it may not be 
possible to exceed the maximum imaging frequency. Another 
example of a modification that can be made to the image 
treatment plan to reduce radiation exposure is reducing the 
power level of diagnostic X-ray images. Other adjustments 
can also be made, as will be appreciated by the skilled artisan. 
At block 835, the predicted and current radiation exposure for 
the patient is displayed. The method then ends. 

FIG. 9 illustrates one embodiment of systems that may be 
used in performing radiation treatment in which features of 
the present invention may be implemented. As described 
below and illustrated in FIG. 9, a system 900 may include a 
diagnostic imaging system 905, a treatment planning system 
910, a treatment delivery system 915 and a motion detecting 
system 906. In one embodiment, the diagnostic imaging sys 
tem 905 and the motion detecting system 906 are combined 
into a single unit. 

Motion detecting system 90.6 may be any system capable of 
detecting patient motion and/or target motion. For example, 
motion detecting system 906 may be a computed tomography 
(CT) system, an ultrasound system, video camera, or the like. 
Motion detecting system 906 includes one or more sensors 
908 for detecting patient and/or target motion. For example, a 
Video camera may include a lens and array of charge coupled 
devices (CCDs) for converting incident light into an electrical 
signal. 
The sensor (or sensors) 908 may be coupled to a digital 

processing system 912 to control the motion detecting opera 
tion and process sensor data. Motion detecting system 906 
includes a bus or other means 982 for transferring data and 
commands among digital processing system 912 and sensor 
908. Digital processing system 912 may include one or more 
general-purpose processors (e.g., a microprocessor), special 
purpose processor Such as a digital signal processor (DSP) or 
other type of device such as a controller or field program 
mable gate array (FPGA). Digital processing system 912 may 
also include other components (not shown) Such as memory, 
storage devices, network adapters and the like. Digital pro 
cessing system 912 may compute target motion. Digital pro 
cessing system 912 may transmit the target motion to treat 
ment delivery system 915 over a data link984 or to diagnostic 
imaging system 905 over data link 988, which may be, for 
example, direct links, local area network (LAN) links or wide 
area network (WAN) links such as the Internet. In addition, 
the information transferred between systems may either be 
pulled or pushed across the communication medium connect 
ing the systems, such as in a remote diagnosis or treatment 
planning configuration. 

Diagnostic imaging system 905 may be any system 
capable of producing medical diagnostic images of a patient 
that may be used for Subsequent medical diagnosis, treatment 
planning and/or treatment delivery. For example, diagnostic 
imaging system 905 may be a computed tomography (CT) 
system, a magnetic resonance imaging (MRI) system, a 
positron emission tomography (PET) system, an ultrasound 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

16 
system or the like. For ease of discussion, diagnostic imaging 
system 905 may be discussed below at times in relation to a 
CT X-ray imaging modality. However, other imaging modali 
ties such as those above may also be used. 

In one embodiment, diagnostic imaging system 905 
includes an imaging source 920 to generate an imaging beam 
(e.g., X-rays, ultrasonic waves, radio frequency waves, etc.) 
and an imaging detector 930 to detect and receive the beam 
generated by imaging source 920, or a secondary beam or 
emission stimulated by the beam from the imaging Source 
(e.g., in an MRI or PET scan). 
The imaging source 920 and the imaging detector 930 may 

be coupled to a digital processing system 925 to control the 
imaging operation and process image data. In one embodi 
ment, diagnostic imaging system 905 receives motion data 
from motion detecting system 906, and determines when to 
acquire images based on the motion data. In another embodi 
ment, diagnostic imaging system 905 may receive imaging 
commands from treatment delivery system 915. 

Diagnostic imaging system 905 includes a bus or other 
means 980 for transferring data and commands among digital 
processing system 925, imaging source 920 and imaging 
detector 930. Digital processing system 925 may include one 
or more general-purpose processors (e.g., a microprocessor), 
special purpose processor Such as a digital signal processor 
(DSP) or other type of device such as a controller or field 
programmable gate array (FPGA). Digital processing system 
925 may also include other components (not shown) such as 
memory, storage devices, network adapters and the like. Digi 
tal processing system 925 may be configured to generate 
digital diagnostic images in a standard format, such as the 
DICOM (Digital Imaging and Communications in Medicine) 
format, for example. In other embodiments, digital process 
ing system 925 may generate other standard or non-standard 
digital image formats. Digital processing system 925 may 
transmit diagnostic image files (e.g., the aforementioned 
DICOM formatted files) to treatment delivery system 915 
over a data link983, which may be, for example, a direct link, 
a local area network (LAN) link or a wide area network 
(WAN) link such as the Internet. In addition, the information 
transferred between systems may either be pulled or pushed 
across the communication medium connecting the systems, 
Such as in a remote diagnosis or treatment planning configu 
ration. In remote diagnosis or treatment planning, a user may 
utilize embodiments of the present invention to diagnose or 
treat a patient despite the existence of a physical separation 
between the system user and the patient. 

Treatment delivery system 915 includes a therapeutic and/ 
or surgical radiation source 960 to administer a prescribed 
radiation dose to a target Volume in conformance with a 
treatment plan. Treatment delivery system 915 may also 
include a digital processing system 970 to control radiation 
Source 960, receive and process data from diagnostic imaging 
system 905 and/or motion detecting system 906, and control 
a patient support device such as a treatment couch975. Digi 
tal processing system 970 may be configured to register 2D 
radiographic images received from diagnostic imaging sys 
tem 905, from two or more stereoscopic projections, with 
digitally reconstructed radiographs (DRRS) generated by 
digital processing system 925 in diagnostic imaging system 
905 and/or DRRs generated by processing device 940 in 
treatment planning system 910. Digital processing system 
970 may include one or more general-purpose processors 
(e.g., a microprocessor), special purpose processor Such as a 
digital signal processor (DSP) or other type of device such as 
a controller or field programmable gate array (FPGA). Digital 



US 8,130,907 B2 
17 

processing system 970 may also include other components 
(not shown) Such as memory, storage devices, network adapt 
ers and the like. 

In one embodiment, digital processing system 970 
includes system memory that may include a random access 5 
memory (RAM), or other dynamic storage devices, coupled 
to a processing device, for storing information and instruc 
tions to be executed by the processing device. The system 
memory also may be used for storing temporary variables or 
other intermediate information during execution of instruc- 10 
tions by the processing device. The system memory may also 
include a read only memory (ROM) and/or other static stor 
age device for storing static information and instructions for 
the processing device. 

Digital processing system 970 may also include a storage 15 
device, representing one or more storage devices (e.g., a 
magnetic disk drive or optical disk drive) for storing informa 
tion and instructions. The storage device may be used for 
storing instructions for performing the treatment delivery 
steps discussed herein. Digital processing system 970 may be 20 
coupled to radiation source 960 and treatment couch975 by a 
bus 992 or other type of control and communication interface. 

Digital processing system 970 may implement methods 
(e.g., such as methods 300 through 800 described above) to 
manage timing of diagnostic X-ray imaging in order to main- 25 
tain alignment of a target with a radiation treatment beam 
delivered by the radiation source 960. 

In one embodiment, the treatment delivery system 915 
includes an input device 978 and a display 977 connected 
with digital processing system 970 via bus 992. The display 30 
977 can show trend data that identifies a rate of target move 
ment (e.g., a rate of movement of a target volume that is under 
treatment). The display can also show a current radiation 
exposure of a patient and a projected radiation exposure for 
the patient. The input device 978 can enable a clinician to 35 
adjust parameters of a treatment delivery plan during treat 
ment. For example, the clinician may select a new image age 
threshold or target movement threshold via input device 978. 

Treatment planning system 910 includes a processing 
device 940 to generate and modify treatment plans. Process- 40 
ing device 94.0 may represent one or more general-purpose 
processors (e.g., a microprocessor), special purpose proces 
sor Such as a digital signal processor (DSP) or other type of 
device Such as a controller or field programmable gate array 
(FPGA). Processing device 940 may be configured to execute 45 
instructions for performing treatment planning operations 
discussed herein. 

Treatment planning system 910 may also include system 
memory 935 that may include a random access memory 
(RAM), or other dynamic storage devices, coupled to pro- 50 
cessing device 940 by bus 986, for storing information and 
instructions to be executed by processing device 940. System 
memory 935 also may be used for storing temporary variables 
or other intermediate information during execution of 
instructions by processing device 940. System memory 935 55 
may also include a read only memory (ROM) and/or other 
static storage device coupled to bus 986 for storing static 
information and instructions for processing device 940. 

Treatment planning system 910 may also include storage 
device 945, representing one or more storage devices (e.g., a 60 
magnetic disk drive or optical disk drive) coupled to bus 986 
for storing information and instructions. Storage device 945 
may be used for storing instructions for performing the treat 
ment planning steps discussed herein. 

Processing device 94.0 may also be coupled to a display 65 
device 950, such as a cathode ray tube (CRT) or liquid crystal 
display (LCD), for displaying information (e.g., a 2D or 3D 

18 
representation of the VOI) to the user. An input device 955, 
Such as a keyboard, may be coupled to processing device 940 
for communicating information and/or command selections 
to processing device 940. One or more other user input 
devices (e.g., a mouse, a trackball or cursor direction keys) 
may also be used to communicate directional information, to 
select commands for processing device 940 and to control 
cursor movements on display 950. 

Treatment planning system 910 may share its database 
(e.g., data stored in storage 945) with a treatment delivery 
system, such as treatment delivery system 915, so that it may 
not be necessary to export from the treatment planning system 
prior to treatment delivery. Treatment planning system 910 
may be linked to treatment delivery system 915 via a data link 
990, which may be a direct link, a LAN link or a WAN link. 

It should be noted that when data links 983,984 and 990 are 
implemented as LAN or WAN connections, any of diagnostic 
imaging system 905, treatment planning system 910, motion 
detecting system 906 and/or treatment delivery system 915 
may be in decentralized locations such that the systems may 
be physically remote from each other. Alternatively, any of 
diagnostic imaging system 905, treatment planning system 
910, motion detecting system 906 and/or treatment delivery 
system 915 may be integrated with each other in one or more 
systems. 

It should be noted that the methods and apparatus 
described herein are not limited to use only with medical 
diagnostic imaging and treatment. In alternative embodi 
ments, the methods and apparatus herein may be used in 
applications outside of the medical technology field, such as 
industrial imaging and non-destructive testing of materials 
(e.g., motor blocks in the automotive industry, airframes in 
the aviation industry, welds in the construction industry and 
drill cores in the petroleum industry) and seismic Surveying. 
In Such applications, for example, “treatment may refergen 
erally to the application of radiation beam(s). 

It will be apparent from the foregoing description that 
aspects of the present invention may be embodied, at least in 
part, in Software. That is, the techniques may be carried out in 
a computer system or other data processing system in 
response to its processor, Such as digital processing system 
970, for example, executing sequences of instructions con 
tained in a memory. In various embodiments, hardware cir 
cuitry may be used in combination with Software instructions 
to implement the present invention. Thus, the techniques are 
not limited to any specific combination of hardware circuitry 
and Software or to any particular source for the instructions 
executed by the data processing system. In addition, through 
out this description, various functions and operations may be 
described as being performed by or caused by software code 
to simplify description. However, those skilled in the art will 
recognize what is meant by Such expressions is that the func 
tions result from execution of the code by a processor or 
controller, such as digital processing system 970. 
A machine-readable medium can be used to store Software 

and data which when executed by a data processing system 
causes the system to perform various methods of the present 
invention. This executable software and data may be stored in 
various places including, for example, system memory and 
storage or any other device that is capable of storing Software 
programs and/or data. 

Thus, a machine-readable medium includes any mecha 
nism that provides (i.e., stores and/or transmits) information 
in a form accessible by a machine (e.g., a computer, network 
device, personal digital assistant, manufacturing tool, any 
device with a set of one or more processors, etc.). For 
example, a machine-readable medium includes recordable/ 
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non-recordable media (e.g., read only memory (ROM); ran 
dom access memory (RAM); magnetic disk storage media; 
optical storage media; flash memory devices; etc.), as well as 
electrical, optical, acoustical or other forms of propagated 
signals (e.g., carrier waves, infrared signals, digital signals, 
etc.); etc. 

It should be noted that the methods and apparatus 
described herein are not limited to use only with medical 
diagnostic imaging and treatment. In alternative embodi 
ments, the methods and apparatus herein may be used in 
applications outside of the medical technology field. Such as 
industrial imaging and non-destructive testing of materials. In 
Such applications, for example, “treatment may refer gener 
ally to the effectuation of an operation controlled by the 
treatment planning system, Such as the application of a beam 
(e.g., radiation, acoustic, etc.) and “target may refer to a 
non-anatomical object or area. 

Certain embodiments may be implemented as a computer 
program product that may include instructions stored on a 
computer-readable medium. These instructions may be used 
to program a general-purpose or special-purpose processor to 
perform the described operations. A computer-readable 
medium includes any mechanism for storing or transmitting 
information in a form (e.g., Software, processing application) 
readable by a computer. The computer-readable medium may 
include, but is not limited to, magnetic storage medium (e.g., 
floppy diskette); optical storage medium (e.g., CD-ROM); 
magneto-optical storage medium; read-only memory 
(ROM); random-access memory (RAM); erasable program 
mable memory (e.g., EPROM and EEPROM); flash memory; 
or another type of medium Suitable for storing electronic 
instructions. 

Additionally, some embodiments may be practiced in dis 
tributed computing environments where the computer-read 
able medium is stored on and/or executed by more than one 
computer system. In addition, the information transferred 
between computer systems may either be pulled or pushed 
across the communication medium connecting the computer 
systems. 

Although the operations of the methods herein are shown 
and described in a particular order, the order of the operations 
of each method may be altered so that certain operations may 
be performed in an inverse order or so that certain operation 
may be performed, at least in part, concurrently with other 
operations. In another embodiment, instructions or sub-op 
erations of distinct operations may be in an intermittent and/ 
or alternating manner. 

In the foregoing specification, the invention has been 
described with reference to specific exemplary embodiments 
thereof. It will, however, be evident that various modifica 
tions and changes may be made thereto without departing 
from the broader spirit and scope of the invention as set forth 
in the appended claims. The specification and drawings are, 
accordingly, to be regarded in an illustrative sense rather than 
a restrictive sense. 
What is claimed is: 
1. An imaging method, implemented by a computing sys 

tem programmed to perform the following, comprising: 
acquiring measurement data indicative of a target motion, 

wherein the measurement data includes a prior X-ray 
image; 

determining, using the computing system, a timing of one 
or more X-ray images based on the target motion; 

computing a time to completion of a radiation treatment 
beam; 

comparing an age of the prior X-ray image to the time to 
completion; and 
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when the age of the prior X-ray image will exceed an image 

age threshold before the time to completion, acquiring a 
new X-ray image before delivering the radiation treat 
ment beam. 

2. The method of claim 1, further comprising: 
comparing the prior X-ray image to another image to track 

the target motion; and 
visually presenting the target motion via a display. 
3. The method of claim 1, wherein the measurement data 

includes at least one of ultrasound measurement data or exter 
nal imaging data of a patient. 

4. An imaging method, implemented by a computing sys 
tem programmed to perform the following, comprising: 

acquiring measurement data indicative of a target motion, 
wherein the measurement data includes a prior X-ray 
image; 

determining, using the computing system, a timing of one 
or more X-ray images based on the target motion; 

assigning an image age threshold based on the target 
motion; and 

establishing an X-ray imaging frequency based on the 
image age threshold. 

5. The method of claim 4, further comprising: 
increasing the X-ray imaging frequency when the target 

motion is above a threshold. 
6. The method of claim 4, further comprising: 
decreasing the X-ray imaging frequency when the target 

motion is below a threshold. 
7. The method of claim 4, further comprising: 
dividing a radiation treatment beam into a plurality of 

radiation treatment beams, wherein completing delivery 
of the radiation treatment beam extends beyond the 
image age threshold. 

8. The method of claim 4, further comprising: 
combining a plurality of radiation treatment beams into a 

single radiation treatment beam, wherein delivery of the 
single radiation treatment beam is complete at or before 
the image age threshold. 

9. An imaging method, implemented by a computing sys 
tem programmed to perform the following, comprising: 

acquiring measurement data indicative of a target motion, 
wherein the measurement data includes a prior X-ray 
image; 

determining, using the computing system, a timing of one 
or more X-ray images based on the target motion; 

prior to treatment of a patient, determining a treatment plan 
that includes a plurality of radiation treatment beams; 

receiving selection of an initial image age threshold; 
determining that completing delivery of at least one radia 

tion treatment beam extends beyond the initial image 
age threshold; and 

modifying the treatment plan by splitting the at least one 
radiation treatment beam into two or more radiation 
treatment beams, wherein delivery of each of the two or 
more radiation treatment beams will complete at or 
before the initial image age threshold. 

10. A treatment system, comprising: 
an imaging apparatus including an X-ray source to generate 

one or more X-ray images; 
a motion detecting apparatus to acquire measurement data 

indicative of a target motion; and 
a processing device coupled with the imaging apparatus 

and the motion detecting apparatus, wherein the pro 
cessing device is configured to: 
determine a timing of the one or more X-ray images 

based on the target motion: 
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compute a time to completion of a radiation treatment 
beam; 

compare an age of the prior X-ray image to the time to 
completion; and 

when the age of the prior X-ray image will exceed an 
image age threshold before the time to completion, 
acquiring a new X-ray image before delivering the 
radiation treatment beam. 

11. The treatment system of claim 10, further comprising: 
a display; 

wherein the processing device is further configured to com 
pare the prior X-ray image to another image to track the 
target motion, and to visually present the target motion 
via the display. 

12. The treatment system of claim 10, wherein the motion 
detectingapparatus is an optical tracking system, and wherein 
the measurement data is generated by at least one of optical 
tracking of markers disposed on a patient or optical tracking 
of a surface of the patient. 

13. The treatment system of claim 10, wherein the motion 
detecting apparatus includes a laser range finder, and wherein 
the measurement data represents a distance between a Surface 
of the patient and the laser range finder. 

14. A treatment system, comprising: 
an imaging apparatus including an X-ray source to generate 

one or more X-ray images; 
a motion detecting apparatus to acquire measurement data 

indicative of a target motion; and 
a processing device coupled with the imaging apparatus 

and the motion detecting apparatus, wherein the pro 
cessing device is configured to: 
determine a timing of the one or more X-ray images 

based on the target motion; 
assign an image age threshold based on the target 

motion; and 
establish an X-ray imaging frequency based on the image 

age threshold. 
15. The treatment system of claim 14, wherein the process 

ing device is further configured to increase the X-ray imaging 
frequency when the target motion is above a threshold. 
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16. The treatment system of claim 14, wherein the process 

ing device is further configured to decrease the X-ray imaging 
frequency when the target motion is below a threshold. 

17. The treatment system of claim 14, wherein the process 
ing device is further configured to divide a radiation treatment 
beam into a plurality of radiation treatment beams, wherein 
completing delivery of the radiation treatment beam extends 
beyond the image age threshold. 

18. The treatment system of claim 14, wherein the process 
ing device is further configured to combine a plurality of 
radiation treatment beams into a single radiation treatment 
beam, wherein delivery of the single radiation treatment 
beam is complete at or before the image age threshold. 

19. The treatment system of claim 14, wherein the motion 
detecting apparatus is an ultrasound imaging apparatus, and 
wherein the measurement data is ultrasound measurement 
data. 

20. A treatment system, comprising: 
an imaging apparatus including an X-ray source to generate 

one or more X-ray images; 
a motion detecting apparatus to acquire measurement data 

indicative of a target motion; and 
a processing device coupled with the imaging apparatus 

and the motion detecting apparatus, wherein the pro 
cessing device is configured to: 
determine a timing of the one or more X-ray images 

based on the target motion; 
prior to treatment of a patient, determine a treatment 

plan that includes a plurality of radiation treatment 
beams; 

receive selection of an initial image age threshold; 
determine that completing delivery of at least one radia 

tion treatment beam extends beyond the initial image 
age threshold; and 

modify the treatment plan by splitting the at least one 
radiation treatment beam into two or more radiation 
treatment beams, wherein delivery of each of the two 
or more radiation treatment beams is completed at or 
before the initial image age threshold. 
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